Background
Amyloid A (AA) amyloidosis is a complication of chronic inflammatory conditions that develops when proteolytic fragments of serum amyloid A protein (SAA) are deposited in tissues as amyloid fibrils. Amyloid deposition in the kidney causes progressive deterioration in renal function. Eprodisate is a member of a new class of compounds designed to interfere with interactions between amyloidogenic proteins and glycosaminoglycans and thereby inhibit polymerization of amyloid fibrils and deposition of the fibrils in tissues.
Methods
We performed a multicenter, randomized, double-blind, placebo-controlled trial to evaluate the efficacy and safety of eprodisate in patients with AA amyloidosis and kidney involvement. We randomly assigned 183 patients from 27 centers to receive eprodisate or placebo for 24 months. The primary composite end point was an assessment of renal function or death. Disease was classified as worsened if any one of the following occurred: doubling of the serum creatinine level, reduction in creatinine clearance by 50% or more, progression to end-stage renal disease, or death.
T he amyloidoses constitute a group of diseases in which proteins are deposited extracellularly in the tissues as insoluble fibrils, causing progressive organ dysfunction and death. 1 Amyloid A (AA) amyloidosis, also referred to as secondary amyloidosis, is a rare but serious complication of chronic inflammatory diseases and chronic infections. The amyloidogenic protein in AA amyloidosis is a proteolytic fragment of serum amyloid A protein (SAA), an acute-phase reactant produced by the liver. The kidney is the organ most frequently affected in AA amyloidosis. 2 Ongoing deposition of amyloid in the kidney results in proteinuria and progressive loss of renal function. The gastrointestinal tract, the liver, the autonomic nervous system, and, less frequently, the heart, are other sites of AA amyloid deposition.
Treatments that reduce production of the amyloidogenic protein can improve organ function and survival in immunoglobulin-light-chain-related (AL) amyloidosis and hereditary transthyretinassociated (ATTR) amyloidosis. [3] [4] [5] [6] [7] [8] In AA amyloidosis, production of SAA can sometimes be decreased by treatment of the underlying inflammatory condition. 9 In many patients, however, production of SAA cannot be sufficiently suppressed, and formation of AA amyloid fibrils and their deposition in the tissues persist. No treatment directly targets AA amyloid formation. 1 Several lines of investigation suggest that glycosaminoglycans, such as heparan sulfate, are critical in the pathogenesis of amyloidosis. Interactions between amyloidogenic proteins and glycosaminoglycans promote fibril assembly and stabilize amyloid deposits in tissues. 10-14 Eprodisate (Kiacta, Neurochem) is a negatively charged, sulfonated molecule of low molecular weight that has structural similarities to heparan sulfate. 14, 15 The compound, a member of a new class of agents that interfere with interactions between amyloidogenic proteins and glycosaminoglycans, 14-16 inhibits the development of amyloid deposits in the tissues in mouse models of AA amyloidosis. 14,15 To determine whether eprodisate prevents the progression of AA amyloidosis in humans, we conducted a multicenter, randomized, double-blind, placebo-controlled trial in patients with AA amyloidosis-associated nephropathy.
Me thods

Participants
Patients with AA amyloidosis and kidney involvement were enrolled from 27 centers in 13 countries. The diagnosis of AA amyloidosis required histologic demonstration of Congo red staining and birefringence with the use of polarized microscopy and reactivity with anti-AA antibodies by immunohistochemical analysis, immunofluorescence, or immunoelectron microscopy. Kidney involvement was defined as 24-hour urinary excretion of more than 1 g of protein in two 24-hour urine collections obtained at least 1 week apart within 3 months before study entry, or creatinine clearance of less than 60 ml per minute according to two measurements performed at least 1 week apart within 3 months before study entry. The exclusion criteria were kidney disease other than AA amyloidosis, creatinine clearance less than 20 ml per minute, serum creatinine concentration more than 3 mg per deciliter (265 μmol per liter), diabetes mellitus, elevated liver enzymes (alanine transaminase, aspartate transaminase, or alkaline phosphatase more than 5 times the upper limit of normal), or bilirubin more than 1.5 times the upper limit of normal. The study was approved by the institutional review boards at each center. All patients provided written informed consent.
Study Procedures
Patients were randomly assigned in equal proportions to receive eprodisate or placebo. The placebo, provided by Neurochem, consisted of capsules that were identical in appearance to active drug. The identity of the study medication was indicated on a card inside an individual sealed envelope. Patients were stratified according to nephrotic status (nephrotic versus non-nephrotic) and treatment center. Classification as nephrotic required a 24-hour urinary excretion of more than 3 g of protein, a serum albumin concentration of less than 3.4 g per deciliter, and either the presence of peripheral edema or the use of diuretics to treat peripheral edema.
The study drug was administered orally twice daily at least 1 hour before or 2 hours after a meal. Because eprodisate is excreted by the kidney, the initial dose was based on creatinine clearance. Patients with creatinine clearance rates of less than Patients underwent randomization and the study drug was initiated at a baseline visit within 1 month after the screening evaluation. Follow-up visits occurred at 1, 4, 8, 12, 16, 20 , and 24 months after randomization, and patients were contacted by telephone at 2, 6, 10, 14, 18, and 22 months after randomization. At each visit, creatinine clearance and urinary protein excretion were measured by 24-hour urine collection. Compliance with study medication was assessed by pill counts at each visit and expressed as the percentage of the number of pills prescribed that had been taken.
At baseline and at the 12-and 24-month visits, abdominal fat was collected by aspiration for Congo red staining and quantification of amyloid content by an enzyme-linked immunosorbent assay with murine monoclonal antibodies to SAA. 17 Staining of abdominal fat and quantification of amyloid were performed in the laboratory of one of the investigators by persons who were unaware of treatment assignment.
Study medication was continued for 24 months unless the patient had progression to end-stage renal disease, had an adverse event that precluded further use of study medication, withdrew from the study, or required a rescue medication. Rescue medications included cytotoxic agents, colchicine, and anti-TNF agents initiated because of manifestations of AA amyloidosis.
SAA concentration was determined by latex nephelometry with a Dade Behring BNII autoanalyzer in the laboratory of one of the investigators. 18 Erythrocyte sedimentation rates were measured at the study sites. All other laboratory measurements were performed at central laboratories (Covance Central Laboratory Services).
Outcome Measures
The primary end point was a composite assessment of renal function or death. Disease was classified as worsened if the serum creatinine concentration was twice the baseline value, creatinine clearance decreased by 50% or more from baseline, progression to end-stage renal disease occurred, or the patient died. End-stage renal disease was defined as the need for initiation of maintenance dialysis. Disease was classified as improved if creatinine clearance increased by at least 50% from baseline and none of the indicators of worsened disease were present. Disease was classified as stable if none of the indicators of either worsened or improved disease were present. Each patient's disease status was determined by an endpoint adjudication committee composed of a subgroup of investigators who were unaware of the patient's treatment status.
Among the major secondary outcomes were slope of creatinine clearance, change in proteinuria, resolution or development of chronic diarrhea, and change in the amyloid content of abdominal fat. In all analyses that included creatinine clearance, the measured value was normalized for body-surface area.
Statistical Analysis
Two analyses of the primary composite end point were performed. The proportions of patients in the two treatment groups who had worsened, improved, or stable disease at the 24-month visit were compared by the Cochran-Mantel-Haenszel row mean-scores test, with the last observation carried forward for those who discontinued participation before 24 months. The times to first event of worsened disease in the two treatment groups were compared by Cox proportional-hazards analysis. Patients with no follow-up data after the baseline visit were classified as having worsened status. The P value for the Cox proportional-hazards analysis was calculated by the Wald chi-square test. For both the Cochran-Mantel-Haenszel test and the Cox proportional-hazards model, the patients were stratified according to baseline nephrotic status. The analyses were performed according to the intention-to-treat principle. Additional Cox proportional-hazards analyses were performed with adjustment for potentially important baseline variables and time-dependent variables. Event-free survival was estimated with the use of the Kaplan-Meier method, and comparisons between survival curves were made with the use of the log-rank test. The slopes of creatinine clearance for the two treatment groups were compared by the Iman-Conover test. All statistical analyses were two-sided, and P values less than 0.05 were considered to indicate statistical significance.
With a sample size of 180 patients, the study had 85% power at a two-sided alpha level of 0.05 to detect an absolute difference of 20% in the proportion of patients in the treatment groups who had worsened disease. This calculation assumes a rate of worsening disease of 40% in the placebo group.
Interim safety analyses of data were performed by an independent data and safety monitoring board unaware of treatment assignment. The safety analyses were performed after 30 patients had been followed for at least 4 months and every 8 months thereafter until completion of the study. Interim analyses of efficacy were not performed.
The study was designed by a group of the investigators in collaboration with the sponsor, Neurochem. Data were collected by the study teams at each site and transmitted to the sponsor. The complete data set was maintained at Quintiles Canada. Statistical analyses and data interpretation were conducted by the investigators, by Neurochem, and by consultants from Quintiles Canada and Syreon with the use of SAS software, version 8.2. The investigators made the decision to publish the findings, were responsible for writing the article, had unrestricted access to the data, and were not limited by the sponsor with regard to statements made in the article. Drs. Dember, Balshaw, and Hauck vouch for the integrity and completeness of the data.
R e sult s
Patients
Between July 11, 2001, and February 14, 2003, a total of 261 patients were screened and 183 were randomly assigned to treatment with eprodisate (89 patients) or placebo (94 patients). The final study visit occurred on December 2, 2004. A total of 124 patients (63 in the eprodisate group and 61 in the placebo group) completed 2 years of the study (Fig. 1) . Approximately half the patients who discontinued participation early did so because of progression to end-stage renal disease or death. Table 1 lists the baseline characteristics of the patients. Rheumatoid arthritis (49% of patients) and familial Mediterranean fever (19%) were the most common underlying inflammatory diseases. Underlying chronic infection was more frequent in the eprodisate group than in the placebo group, and several of the patients in the eprodisate group with chronic infection also had a chronic inflammatory disease. The median serum creatinine concentration at baseline was slightly higher in the placebo group than in the eprodisate group (1.3 mg per deciliter vs. 1.1 mg per deciliter [115 μmol per liter vs. 97 μmol per liter], P = 0.05). The mean diastolic blood pressure in the supine position was slightly lower in the eprodisate group than in the placebo group (78 mm Hg vs. 82 mm Hg, P = 0.01), but no significant differences between groups in either systolic or diastolic blood pressure were found at any of the follow-up visits. The mean compliance with drug administration was 95.3±8.7% in the eprodisate group and 94.6±12.8% in the placebo group. Blinding of treatment assignment was maintained for all patients for the duration of the study.
Primary composite End Point
Because improvement of renal disease was so infrequent in both groups (improvement occurred in only one patient in the eprodisate group and two patients in the placebo group), patients with improved or stable disease were grouped together, as prespecified, for the analysis of disease status. At the end of follow-up, disease was worsened in 24 of 89 patients assigned to eprodisate (27%) and 38 of 94 assigned to placebo (40%, P = 0.06). When the original three-category classification of patient outcomes (improved, stable, or worsened disease) was maintained, the P value for the difference between the two treatment groups was 0.08.
According to Cox proportional-hazards analysis, treatment with eprodisate was associated with a 42% reduction in the risk of worsening renal disease or death (hazard ratio, 0.58; 95% confidence interval [CI] , 0.37 to 0.93%; P = 0.02) (Ta- ble 2 and Fig. 2A ). The risk reduction with eprodisate was maintained after adjustment of the analysis for potentially important baseline variables and for SAA concentration as a time-dependent variable (Table 2 ). The benefit of eprodisate on the primary composite end point of renal function or death was due to its effect on the progression of renal disease (Table 2 ). There was no significant difference between the two groups in the risk of death.
Secondary Outcomes
The mean (±SE) slope of creatinine clearance was −10.9±5.1 ml per minute per 1.73 m 2 of bodysurface area per year in the eprodisate group, as compared with −15.6±4.0 ml per minute per 1.73 m 2 per year in the placebo group (P = 0.02). The change in the urinary protein excretion between baseline and study completion varied substantially within both treatment groups, but overall there was no significant difference in either group between the mean (±SD) baseline and final values (−0.03±3.5 g per 24 hours in the eprodisate group and −0.22±3.1 g per 24 hours in the placebo group, P = 0.92). Similarly, there was no significant difference between treatment groups in the proportion of patients with chronic diarrhea at study completion (4% in the eprodisate group vs. 1% in the placebo group, P = 0.34) or in the change in the amyloid content of abdominal fat between baseline and study completion (41±1664 ng per milligram of fat in the eprodisate group vs. −132±824 ng per milligram of fat in the placebo group, P = 0.45). SAA concentrations fluctuated substantially within both groups throughout the study but did not differ significantly between the groups at any time point.
the Nephrotic Syndrome
Within both treatment groups, disease worsening occurred more frequently among patients with than among those without the nephrotic syndrome, and the effect of eprodisate on the primary composite end point was more apparent among patients with the nephrotic syndrome (Fig. 2B) . However, there was no significant interaction between baseline nephrotic status and treatment effect (P = 0.23).
Adverse Events
The frequency and types of adverse events were similar in the two treatment groups (Table 3) .
Five patients in each group died during or within 15 days after completion of administration of the study drug. The causes of death in the eprodisate group were ischemic stroke in two patients, the nephrotic syndrome in one patient, gastrointestinal hemorrhage in one, and pneumonia in one. The deaths in the placebo group were due to ischemic stroke, amyloid cardiomyopathy, bowel perforation, sepsis, and pancytopenia in one patient each. None of the deaths were considered by the investigators to be related to the study drug. Two patients in the eprodisate group became pregnant. In both cases, the study medication was discontinued as soon as the pregnancy was known. Both patients elected to terminate the pregnancy.
Dis cus sion
We found that eprodisate reduced the progression of AA amyloidosis-associated renal disease. Eprodisate decreased the risk of the primary end point, a composite of worsening renal function or death, by 42%, and the reduction in risk was largely independent of baseline renal function or angiotensin II-receptor blocker, and TNF tumor necrosis factor. † The chi-square or Fisher's exact test was used for categorical data; Wilcoxon's rank-sum test was used for continuous data. For variables that are not normally distributed, the Iman and Conover approach of a model based on the treatment group and adjusted for nephrotic status at baseline was used. ‡ Inflammatory arthritis includes rheumatoid arthritis, psoriatic arthritis, and reactive arthritis. Hereditary fever syndromes include familial Mediterranean fever and the Muckle-Wells syndrome. Chronic infection includes osteomyelitis, tuberculosis, and bronchiectasis. Because several patients had more than one underlying disease, the sum of the proportions in each category is more than 100%. § The normal value for SAA is less than 10 mg per liter. ¶ The normal value for C-reactive protein is 0.287 mg per deciliter or less. ‖ Normal values for erythrocyte sedimentation rate are 0 to 15 mm per hour for men 50 years of age or younger, 0 to 20 mm per hour for men over 50 years of age, 0 to 20 mm per hour for women 50 years of age or younger, and 0 to 30 mm per hour for women over 50 years of age. ** To convert the values for creatinine to micromoles per liter, multiply by 88.4. † † A diagnosis of nephrotic syndrome requires all of the following: proteinuria more than 3 g of protein per 24 hours, serum albumin less than 3.4 g per deciliter, and edema or use of diuretics to treat edema.
The SAA concentration throughout the study. As compared with placebo, eprodisate significantly reduced the risk of a doubling of serum creatinine, the risk of a 50% reduction in creatinine clearance, and the slope of decline in creatinine clearance. These benefits are clinically meaningful and were evident early in the course of treatment. The adverse-event profiles of the drug and the placebo were not significantly different. The risk reductions associated with eprodisate for the dichotomous renal end points (doubling of serum creatinine or a 50% or greater decrease in creatinine clearance) are substantial, as is the effect of the drug on the slope of creatinine clearance. The decline in creatinine clearance was 4.7 ml per minute per 1.73 m 2 per year greater in the placebo group than in the eprodisate group, a relative difference of 30%. The effect of the drug on progression to end-stage renal disease was not significant (hazard ratio, 0.54; P = 0.20). Many of the patients had substantial renal impairment at baseline. Creatinine clearance was less than 60 ml per minute for more than half the patients and between 20 ml per minute and 30 ml per minute for 13% of the patients. It is possible that the drug would have a greater benefit if initiated at earlier stages of disease.
Although eprodisate decreased the rate of deterioration in renal function, it did not affect proteinuria. In AA amyloidosis, proteinuria probably results from damage caused by the amyloid deposits as well as from glomerular toxicity of the SAA oligomers or protofibrils, which are the precursors to mature fibrils. Rapid resolution of proteinuria has been reported in AA amyloidosis when the underlying inflammatory disease is in remission and SAA concentrations have returned to normal, despite the persistence of glomerular amyloid deposits. 19, 20 According to its putative mechanism of action, eprodisate should prevent new amyloid formation but have no effect on the concentration of SAA and might not reduce the formation of SAA oligomers or protofibrils. The benefit of the drug for renal deterioration may result from a reduction in the rate of amyloid formation, whereas the persistence of fibril precursors may explain its lack of effect on proteinuria. The benefit of eprodisate was more appar- ent in the subgroup of patients with the nephrotic syndrome. High-grade proteinuria is probably an indicator of activity of the underlying inflammatory disease and identifies patients at greatest risk for progression of amyloid-associated organ dysfunction.
As expected, treatment with eprodisate did not affect SAA levels. Eprodisate had no detectable effect on the amyloid content of abdominal fat, a finding consistent with the observation that the amyloid content of abdominal fat persists or decreases very slowly after 2 or more years in patients with AL or ATTR amyloidosis after interventions that eliminate new amyloid production (Skinner M et al. and Hazenberg B et al.: unpublished data) .
Our trial has some limitations. Although the study was randomized, serum creatinine concentrations were slightly higher in the placebo group than in the eprodisate group. A difference in baseline renal function could explain the better outcomes in the eprodisate group, but the risk reduction associated with eprodisate persisted when the analyses were adjusted for baseline creatinine concentration or creatinine clearance. In addition, treatments for the underlying inflammatory diseases were not standardized. However, the treating physicians were unaware of treatment assignment, inflammatory markers did not differ between groups throughout the duration of the study, and the effect of eprodisate on the primary outcome was maintained after time-dependent adjustment for SAA levels. Thus, it is unlikely that differences in the status of the underlying inflammatory disease were responsible for the observed benefit of the drug. The numbers of adverse events in the eprodisate and placebo groups were similar, but additional experience will be needed to further evaluate the safety of the drug. Renal insufficiency 6 (7) 6 (6) Fatigue 6 (7) 7 (7) Pneumonia 6 (7) 2 (2)
Urinary tract infection 5 (6) 5 (5) Chest pain .05 for all comparisons between treatment groups. † The most common nonserious adverse events are defined as those experienced by at least 5% of the patients in the eprodisate group. ‡ A serious adverse event is defined as any event that was fatal, life-threatening, or disabling; resulted in hospitalization or prolongation of a hospitalization; was associated with a congenital abnormality or cancer; or was regarded by the investigator as serious. § The most common serious adverse events are defined as those experienced by at least 2% of all patients or by at least two patients in either group. 
